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Chapter 6

Acute Lymphoblastic Leukemia in Infants:
A Distinctive, High-Risk Subtype

of Childhood Acute Lymphoblastic
Leukemia

Erin H. Breese, Rishi S. Kotecha, and Erin M. Guest

Introduction

Infant acute lymphoblastic leukemia (ALL), defined as ALL diagnosed prior to the
first birthday, is a rare, aggressive cancer with a poor prognosis. In the United States,
the incidence of ALL in infants is 1.9 cases per 100,000 or about 80 to 100 infants
diagnosed each year [1]. Infant ALL is slightly more common among females
compared to males (F:M ratio 1.4:1), and approximately 20% of cases are diagnosed
in the first 3 months of life [1-4]. Infant ALL is a high-risk subtype of childhood
ALL, associated with an event-free survival (EFS) of 45% [2-6]. Whereas many
subsets of children with ALL have seen improvements over time, overall survival
for infants with ALL has remained poor (Fig. 6.1) [7]. Additional unfavorable
prognostic features in infants include very young age (age less than 3 or 6 months
at diagnosis has each been used in clinical trials to define higher-risk cohorts),
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Fig. 6.1 Overall survival
for infants with acute
lymphoblastic leukemia.
Data includes infants
enrolled in frontline
Children’s Oncology
Group clinical trials from
2000 to 2005 and 2006
to 2010
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hyperleukocytosis with white blood cell (WBC) count greater than 300,000/pL at
diagnosis, poor response to prednisone during the first week of induction therapy,
presence of KMT2A (formerly MLL) gene rearrangement (KMT2A-r), and
persistence of minimal residual disease (MRD) in the bone marrow following
induction chemotherapy [2-6, 8—12]. Of these factors, the principal defining
biological feature is presence of KMT2A-r. The EFS of infants with KMT2A-r ALL
is significantly inferior compared to infants without KMT2A-r (36—-66% vs. 74-93%)
[2-6, 13]. Treatments with very intensive chemotherapy, with or without allogeneic
hematopoietic stem cell transplantation (HSCT), have been unsuccessful in
improving the poor outcomes of infants with KMT2A-r ALL, and modern clinical
trials are focused on delivering novel targeted therapies in an effort to improve
outcome for these high-risk infants.

In this chapter, we examine the unique biological features of infant ALL that
make it challenging to cure with current available therapies. We review the design
and outcomes of prior clinical trials and discuss treatment strategies that are
currently in development.

Biological Features

In the late 1980s/early 1990s, scientists identified abnormalities of chromosome
band 11923 as key recurring cytogenetic features in hematological malignancies,
including ALL and acute myeloid leukemia (AML) [14]. Alterations of 11q23 were
associated with secondary leukemias in patients whose previous therapy included
topoisomerase II inhibitors, as well as in infants less than 1 year of age with acute
leukemia [15, 16]. Chromosomal translocations at this locus were found to disrupt



6 Acute Lymphoblastic Leukemia in Infants 137

the human trithorax gene (HRX) and resulted in expression of a chimeric protein
containing the DNA binding domain of HRX fused to various translocation protein
partners [17]. A subsequent review of 96 infants with ALL treated on Pediatric
Oncology Group (POG) protocols demonstrated that 81% had molecular evidence
of a HRX (subsequently renamed MLL or KMT2A) rearrangement [18]. These cases
were associated with younger age at diagnosis, higher WBC count at diagnosis, and
poor prognosis.

Extensive characterization of infant ALL has demonstrated KMT2A-r as a clear
oncogenic driver. While 94 distinct direct translocation partner genes have been
identified, the vast majority of infant ALL cases are characterized by KMT2A-r
involving the AFF1 (49%), MLLT1 (22%), MLLT3 (16%), and MLLT10 (6%) genes
[19]. Most of these rearrangements occur between exon 9 and intron 11 in the major
breakpoint cluster region of the KMT2A gene and result in a fusion transcript which
encodes for the N-terminus of the MLL protein (MLL-N), fused in frame with its
translocation partner. The MLL-N contains key functional domains including a
domain for binding Menin, AT-hook motifs (DNA-binding domains), two speckled
nuclear localization domains, and two repression domains [20]. The wild-type MLL
protein is proteolytically cleaved into the N-terminal fragment and the C-terminal
fragment, which then associate within a multiprotein complex that regulates
chromatin modification and gene expression, specifically in genes involved in
embryogenesis, hematopoiesis, and stem cell function [20].

Early studies exploring the mechanisms of leukemic transformation in infant
ALL have postulated that the KMT2A translocation is the sentinel event in KMT2A-r
infant leukemia and is sufficient to act as the sole driver for leukemic transforma-
tion. KMT2A-r infant ALL has a nearly 100% concordance rate in monozygotic
twins with evidence of a shared molecularly identical clone confirming an in utero
origin [21]. The short latency of KMT2A-r leukemia, occurring within the first year
of life for infants and within 2 years for those that develop therapy-related second-
ary KMT2A-r leukemia, also suggests the translocation event may be sufficient for
leukemic transformation. Our understanding of the molecular drivers of
leukemogenesis has been advanced by recent insights revealed through the
application of next-generation sequencing. Infant ALL with KMT2A-r is notable for
an extremely low frequency of somatic mutations (1.3 non-silent mutations per case
in the dominant clone) [22-24]. The most frequent co-occurring mutations can be
found within the tyrosine kinase-PI3K-RAS signaling pathways [22, 24]. RAS
family mutations are often subclonal and demonstrate a heterogeneous pattern of
clonal evolution [25]. RAS pathway mutations have been associated with a high
WBC at diagnosis and glucocorticoid resistance and confer a proliferative advantage
[25]. Additionally, while activating mutations in FLT3 are not commonly seen,
expression profiling has demonstrated significant upregulation of FLT3 gene
expression in KMT2A-r infant ALL, with high-level gene expression of the wild-
type protein associated with phosphorylation and activation of the protein [20].
Furthermore, abnormal DNA methylation is a striking feature of infant ALL blasts
with KMT2A-r and provides a potential target for epigenetic therapies [26-30].



138 E. H. Breese et al.

Leukemias with KMT2A-r are notable for their high-level expression of HOX
cluster genes and the HOX cofactor MEISI [31, 32]. These genes are normally
expressed in hematopoietic stem cells and progenitors, with decreasing expression
as cells differentiate [33]. Recruitment of the MLL fusion protein (MLL-FP) to loci
of target genes is facilitated by the interaction with the polymerase-associated factor
complex (PAFc) and the trimolecular complex comprising MLL, Menin, and the
chromatin-binding protein lens epithelium-derived growth factor (LEDGF), which
have been found to be critical for MLL-FP-mediated leukemic transformation [34].
The MLL-FP recruits components of the super elongation complex (SEC), which
includes MLL fusion partners (AFF1, AFF4, AF9, and ENL); the elongation factors
ELL2, ELL3, EAF1, and EAF2; and the positive transcription elongation factor b
(P-TEFb), which promotes transcriptional elongation through phosphorylation of
RNA polymerase II. The AF9 and ENL fusion partners also form components of the
DotCom complex, whichincludes AF10and AF17, and the H3K79 methyltransferase,
DOTIL. Recruitment of DOTIL to target genes by corresponding MLL-FPs can
further promote transcriptional activation, with increased levels of H3K79
methylation found at MLL-FP targeted genomic loci such as HOXA9 and MEIS]
(Fig. 6.2) [35, 36]. Importantly, constitutive expression of HOXA9 ex vivo results in
immortalization of hematopoietic progenitors [37]. Similarly, constitutive activa-
tion leads to stem cell-like properties found in KMT2A-r leukemias and is required
for their survival.

Given the relatively simple genetic background of KMT2A-r leukemia, it has
been an attractive model to explore mechanisms of leukemogenesis. Mouse models
have demonstrated that differences in KMT2A fusion partner, cell of origin, timing
of expression, and the microenvironment can influence the resulting
immunophenotype (B-ALL, AML, T-ALL, or mixed phenotype acute leukemia)
and latency of leukemia development [38]. Early models of KMT2A-MLLT3-driven
leukemia demonstrated a strong bias toward myeloid disease. In these models,
expression of the fusion transcript in primitive long-term hematopoietic stem cells
resulted in shorter latency and more resistance to chemotherapy than those derived
from differentiated granulocyte-macrophage progenitors [39]. This suggests that
the chemotherapy-resistant disease seen in infant ALL may be related to a more
primitive cell of origin. Subsequent studies expressing the KMT2A-MLLT3 fusion
in fetal liver cells revealed the potential for lymphoid leukemia, and newer models
using genetic engineering to express the KMT2A-MLLT3 or KMT2A-MLLTI
oncogenes from the endogenous KMT2A locus in cord blood-derived CD34+ cells
led to ALL, AML, and mixed lineage leukemias (KMT2A-MLLT3) and ALL
(KMT2A-MLLTI) in xenografts, demonstrating the potential plasticity of these
leukemias based on cell of origin and the microenvironment [40, 41]. While
KMT2A-AFF[-driven leukemia models have proven more challenging to develop, a
recent model using a human/murine cDNA hybrid fusion transcript for KMT2A-Aff1
resulted in a pro-B ALL that more accurately recapitulates the immunophenotype
and molecular features of human KMT2A-AFFI ALL [42]. Additionally, a recently
identified CD10-negative Pre-Pro-B-cell progenitor found in fetal liver and fetal
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Differentiation Leukemogenesis

Fig. 6.2 MLL complex proteins during normal and malignant hematopoiesis. MLL interacts with
a variety of protein complexes in hematopoietic stem and progenitor cells to promote transcription
of critical target genes like HOXA9 and MEISI. The PAF complex (PAFc) associates with RNA
polymerase II (Pol II) and recruits the RAD6/BRE1 E2/E3 ubiquitin ligase, which promotes mono-
ubiquitination of histone H2B (Ub). H2B mono-ubiquitination is a histone mark associated with
transcriptional activation. PAFc, along with Menin/LEDGF, recruits the MLL complex to target
genes which delivers H3K4 (Me) methyltransferase activity and promotes gene transcription.
MLL associates with the HAT MOF, which promotes further gene transcription through histone
H4K16 acetylation (Ac). During hematopoietic differentiation, MLL is not recruited to target
genes in part due to decreased transcription of PAFc. Insufficient recruitment of MLL leads to
decreased expression of target genes. Chromosomal translocations involving KMT2A (MLL)
generate MLL fusion proteins that can recruit transcriptional activation complexes dependent on
the fusion partner. These complexes involve the recruitment of pTEFb, which is required to phos-
phorylate the RNA Pol II C-terminal domain, which promotes transcriptional elongation. The
H3K79 methyltransferase DOT11 is also recruited to some MLL fusion proteins, which can further
promote transcriptional activation. (Image and edited caption reprinted with permission [36])

bone marrow may serve as a potential cell of origin and provide additional insight
into the unique biology found in infant leukemia [43].

Treatment

Treatment for infants with ALL has evolved significantly over time [44]. Infants
were initially treated by individual study groups on childhood ALL protocols. The
unfavorable prognosis carried by infants diagnosed at less than 1 year of age led to
risk adaptation within childhood ALL studies, with stratification of infants to high-
risk regimens. Combined analysis of infants enrolled on successive childhood ALL
protocols led to the identification of several independent risk factors associated with
an inferior outcome, including presence of KMT2A-r, hyperleukocytosis at
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presentation, absence of CD10 antigen, age less than 6 months at diagnosis, and
poor response to initial prednisone therapy [9, 45, 46]. Outcomes of infants treated
on childhood ALL protocols remained poor, and the number of infants recruited by
each individual study group was limited. This limitation was pivotal in stimulating
the development of infant-specific ALL protocols facilitated by collaboration of
study groups. The outcomes for infant-specific ALL studies are summarized in
Table 6.1.

The first US-based infant-specific ALL trials were conducted by the Children’s
Cancer Group (CCG-107 and CCG-1883) and the Pediatric Oncology Group (POG
8493 and POG 9107). Compared to infants treated on childhood ALL protocols,
these studies introduced the concept of delivering intensified therapy to infants,
demonstrating a progressive, modest improvement in survival; however outcomes
remained poor with marrow relapse being the primary cause of treatment failure
[12, 47, 48]. The CCG studies successfully replaced cranial radiotherapy with
intrathecal and high-dose systemic therapy as an effective strategy for central

Table 6.1 Summary of published results for infant-specific collaborative group acute
lymphoblastic leukemia protocols

5-year EFS
RI | 5-year 5-year EFS | non-
Number | rate | EFS | 5-year | KMT2A-R | KMT2A-R
Group | Study Year analyzed| (%) | (%) OS (%)| (%) (%) References
CCG CCG-107 | 1984-1988| 98 87.8/ 32.6 | 428 |- - [12, 48]
CCG-1883 | 1989-1993| 135 94.1/ 37.6 | 502 |- -
CCG-1953 | 1996-2000| 115 82.5/ 432 | 46.8 33.6 60.3 [48, 49]
POG POG 8493 | 1984-1990| 84 89.3| 25.0 | 31.6 | - - [47]
POG 9107 |1991-1993| 47 89.4/ 319 | 402 |- -
POG 9407 | 1996-2000| 68 - 47.0 | 530 |- - [51]
(cohorts
1+2)
COG P9407 2001-2006| 141 91.8/ 423 | 529 |355 69.7 [4]
(cohort 3)
UK Infant 87 1987-1999| 40 92.5| 22.5* | 30.00 |- - [54, 55]
CLWP | Infant 92 86 942(29.00 | 425 |- -
Interfant| Interfant-99| 19992005 478 93.9 46.5* | 53.8* |36.4° 74.5° [2,3]
Interfant-06| 2006-2016| 651 92.9| 46.1* | 58.2* |36.4* 73.92 [2]
JILSG | MLL96 1995-1998| 55 94.1/ 50.9 | 60.5 38.6 95.5 [57]
MLL98 1998-2001| 47
JPLSG | MLLO3 2004-2009| 62 67.7| 43.2° | 67.2° |43.2° - [6]
MLL-10 2011-2015| 90 91.1, 709 | 85.0 |66.2 93.3 [13]

CCG Children’s Cancer Group, COG Children’s Oncology Group, EFS event-free survival, JILSG
Japan Infant Leukemia Study Group, JPLSG Japanese Pediatric Leukemia/Lymphoma Study
Group, OS overall survival, POG Pediatric Oncology Group, R/ remission induction, UK CLWP
United Kingdom Childhood Leukemia Working Party (UK CLWP studies included 9 patients
between 12 and 18 months of age with biological features of infant ALL)

36-year EFS and OS

4-year EFS and OS
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nervous system (CNS) prophylaxis, whereas the POG studies were able to
demonstrate low rates of isolated CNS relapse with triple intrathecal therapy. The
subsequent parallel POG 9407 (cohorts 1 and 2) and CCG-1953 protocols
implemented further early treatment intensification, which led to a reduction in
relapse rate; however this was countered by excessive treatment-related morbidity
and mortality [48-51]. When CCG and POG merged to form the Children’s
Oncology Group (COG), amendments were made to P9407, and cohort 3 received
a short infusion of daunorubicin rather than continuous infusion and prednisone
rather than dexamethasone [51]. Despite a reduction in the rate of early deaths
compared to preceding cohorts, cohort 3 experienced a high rate of relapse, resulting
in relatively unchanged outcomes. Independent factors associated with an inferior
outcome included age <90 days at diagnosis, hyperleukocytosis at presentation, and
presence of KMT2A-r [4]. The successor COG study, AALLO0631, also required an
initial amendment to reduce the intensity of induction therapy due to excessive
toxicity [52]. COG AALLO0631 was pivotal in being the first study to demonstrate
the safety and feasibility of adding a novel targeted therapy to post-induction
chemotherapy for infants with KMT2A-r ALL. Although addition of the FLT3
inhibitor, lestaurtinib, did not improve overall outcomes, benefit was shown for a
subset of patients who achieved potent pharmacodynamic inhibition of FLT3 and
whose leukemia cells were sensitive to ex vivo FLT3 inhibition, highlighting the
need for identification and selection of infants with ALL that may be sensitive to
novel agents in future studies [5, 53]. This study also demonstrated that flow
cytometry-based MRD, detected at a level of >0.01% in the bone marrow, is a pow-
erful predictor of EFS for infants with KMT2A-r ALL [8]. The COG AALL15P1
pilot study has recently completed accrual and aims to test the tolerability and bio-
logic activity of adding 5-day cycles of azacitidine, a demethylating agent, prior to
each block of chemotherapy following induction (NCT02828358). St Jude
Children’s Research Hospital is also conducting a pilot trial, testing the safety of
bortezomib, a proteasome inhibitor, and vorinostat, a histone deacetylase inhibitor,
on a chemotherapy backbone (NCT02553460).

The first infant-specific studies conducted by the United Kingdom Childhood
Leukemia Working Party, Infant 87 and Infant 92, drew similar conclusions to the
early CCG and POG studies, identifying significant treatment-related toxicity and
high relapse rates despite delivering increased therapeutic intensity [54, 55]. The
Interfant Study Group subsequently formed in 1999 and currently comprises of over
20 international and national study groups. The first trial of the Interfant Study
Group, Interfant-99, employed a hybrid treatment schedule, composed of elements
used in the treatment of both ALL and AML. No additional benefit was seen for
infants who were randomized to a late intensification course [3]. This study was
notably the first in infants to identify the prognostic impact of detectable MRD in
the bone marrow following induction and consolidation [11]. A significantly higher
relapse rate was identified for congenital ALL, defined as diagnosis in the first
month of life [10]. The outcome for infants who relapsed on Interfant-99 was dismal
with 3-year overall survival of 20.9% for all patients and 24.9% for those treated
with curative intent [56]. The subsequent study, Interfant-06, showed no benefit of
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early post-induction intensification with myeloid compared to lymphoid-based che-
motherapy for KMT2A-r infant ALL and no improvement in overall outcome com-
pared to Interfant-99 [2]. Both studies affirmed the presence of KMT2A-r, age less
than 6 months at diagnosis, and poor response to initial prednisone therapy as inde-
pendent adverse prognostic factors for outcome, with hyperleukocytosis at presen-
tation also identified as an adverse prognostic factor on Interfant-06 [2, 3]. The
Interfant Study Group has recently completed accrual for a pilot study testing the
feasibility, safety, and efficacy of adding one post-induction course of the monoclo-
nal antibody blinatumomab, a bi-specific T-cell engager, to the standard Interfant-06
chemotherapy backbone for infants with KMT2A-r ALL (EudraCT 2016-004674-17).

In Japan, allogeneic HSCT has historically been the standard approach for treat-
ing infants with KMT2A-r ALL. Two consecutive protocols, MLL96 and MLLO98,
scheduled HSCT following induction and three courses of post-remission intensifi-
cation. These studies identified a high proportion of relapses between first complete
remission and HSCT, indicating the need for more effective post-remission therapy
[57]. Infants with relapsed/refractory disease fared poorly with 5-year overall sur-
vival of 25.6%, with failure to achieve remission after salvage therapy indepen-
dently identified as a poor prognostic factor [58]. The MLLO3 study conducted by
the Japanese Pediatric Leukemia/Lymphoma Study Group (JPLSG) built on find-
ings of the preceding studies with the aim of early phase HSCT, within 4 months of
initial induction. Although this strategy was able to effectively prevent early relapse
and enabled patients to receive HSCT, there was a low overall complete remission
rate and a substantial number of infants relapsed following HSCT, highlighting the
limited efficacy of HSCT for treatment of infants with KMT2A-r ALL [6]. As such,
the subsequent JPLSG MLL-10 study risk stratified infants to spare HSCT in non-
high-risk patients and introduced early intensification of therapy with the inclusion
of high-dose cytarabine within an early consolidation phase following induction,
leading to significantly improved outcomes. Clearance of MRD at the end of the
early consolidation phase was confirmed as an independent prognostic factor for
favorable outcome [13].

The indications for use of allogeneic HSCT for treatment of infants with ALL
remain unresolved. Findings are limited by the absence of a randomized study
comparing HSCT to chemotherapy alone, and analysis of prior studies is subject
to selection bias of higher-risk infants for HSCT. All study groups have demon-
strated that infants without KMT2A-r have acceptable outcomes using an intensive
chemotherapy approach without requiring HSCT [2—4, 13, 49, 57]. For KMT2A-r
infants, the COG demonstrated no difference in outcome between those that
received HSCT compared to those that received chemotherapy alone [59]. The
Interfant-99 study was able to demonstrate benefit for HSCT; however this was
restricted to a high-risk subgroup of KMT2A-r infants who were less than 6 months
of age at diagnosis and either had a poor prednisone response or hyperleukocytosis
at diagnosis [60]. The JPLSG MLL-10 study achieved good outcomes by limiting
HSCT to high-risk KMT2A-r infants who were less than 6 months of age at diag-
nosis or had CNS involvement [13]. Given these findings, HSCT is reserved for a
high-risk subset of infants with KMT2A-r ALL on Interfant and JPLSG studies and
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is omitted from COG protocols. Given the emergence of novel therapies and
increasing recognition of late effects in survivors of infant leukemia following
HSCT, this treatment modality is likely to be utilized even less frequently in the
future [57, 61].

Future Directions

Novel strategies are desperately needed for the treatment of infant ALL with
KMT2A-r. Preclinical models have generated evidence for several potential drug
targets, including inhibition of DOTI1L, FLT3, DNA methyltransferase, histone
deacetylase, BCL-2, and the Menin-MLL interaction. Molecularly targeted therapy
with DOTIL inhibition did not produce the desired results in a clinical trial of
relapsed KMT2A-r leukemia in adults, but different DOT1L inhibitors remain under
investigation in preclinical studies [62, 63]. As discussed, FLT3 inhibition may have
failed to improve overall outcomes in COG AALLO0631, but could be beneficial for
a select cohort of infants with KMT2A-r ALL whose leukemic blasts display in vitro
sensitivity to FLT3 inhibition [5, 53]. A small molecule inhibitor of the Menin-MLL
interaction has entered a first-in-human trial (NCT04065399) after showing marked
activity in KMT2A-r preclinical models, including infant ALL, and may be feasible
to investigate in infants in the near future [64]. Currently, the COG is developing a
phase 2 trial of venetoclax, a BCL-2 inhibitor, in combination with chemotherapy
for the treatment of infants with KMT2A-r ALL. BCL-2 inhibition has shown activ-
ity against KMT2A-r ALL in preclinical models, and venetoclax has been identified
as a promising therapeutic agent for KMT2A-r infant ALL [65-67].

Immunotherapy is likely to form an important component of future clinical trials
for infant ALL. Immunotherapy has led to remarkable improvements in outcomes in
the treatment of relapsed childhood ALL, but its applicability to infant ALL remains
unclear [68—71]. Chimeric antigen receptor T-cell (CAR T-cell) therapy, either
autologous or off-the-shelf, is available to infants at relapse in some countries,
although the efficacy of CAR T-cell therapy in infants is not yet known [72, 73].
CAR T-cell therapy is an attractive alternative to upfront chemotherapy for infants
with ALL, but is not without potential challenges. These challenges may include
inability to harvest sufficient T-cells, exhaustion of T-cells following chemotherapy,
and the potential for lineage switch to myeloid leukemia at relapse [74]. The results
of early CAR T-cell studies in infants with relapsed or refractory ALL and the
results of the Interfant Study Group’s pilot blinatumomab trial in upfront therapy
will be very informative to the development of future treatment approaches. Further
investigation of anti-CD22 therapy with inotuzumab ozogamicin may also be
warranted, following promising findings from a retrospective study in a small cohort
of infants and young children with relapsed or refractory ALL [75].
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Conclusion

Infant ALL remains a high-risk subtype of childhood ALL, with no major advances
in therapy nor improvements in outcome over several decades. This can be attributed,
at least in part, to the characteristic chemotherapy refractory nature of KMT2A-r
infant ALL. A number of novel treatment strategies have shown strong preclinical
evidence of efficacy. Any therapy that successfully targets KMT2A-r has the potential
to result in a major breakthrough for this disease. The international infant ALL
research community is actively collaborating to discover molecular targets, test
agents in preclinical models, and implement clinical trials, with the primary aim to
prioritize improvements in outcome for infants with ALL.
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